Organic acids are a major contributor to wine flavour and aroma. In the past, the scientific focus has mostly been on organic acids derived from grapes or on the transformation of malic acid to lactic acid by lactic acid bacteria, since these acids contribute significantly to the final total acidity of wine. However, the organic acid concentration and composition also change significantly during alcoholic fermentation, yet only limited information regarding the impact of different yeast strains on these changes has been published. Here we report on changes in organic acid (malic, tartaric, citric, succinic, acetic and pyruvic) composition during fermentation by five widely used industrial wine yeast strains in a synthetic grape must (MS300) reflecting two very different, but both wine-like, fermentation conditions. Samples were obtained from three physiological stages during fermentation, namely the exponential growth phase (day 2), early stationary phase (day 5) and late stationary phase (day 14). These different stages were selected to provide more information on acid evolution throughout fermentation, as well as on the impact of nutritional and environmental conditions during aerobic and anaerobic fermentation. Among other observations, some strains (such as VIN13 and 285) were shown to be generally higher producers of most acids in white and/ or red wine fermentation settings, while other strains (such as DV10) were generally lower acid producers. The data clearly demonstrate that different strains have different acid consumption and production patterns, and this presents a first step towards enabling winemakers to appropriately select strains for acid management during fermentation.
INTRODUCTION
Winemakers are faced with many challenges to adjust products according to consumer demands. Many studies have been dedicated to understanding how the metabolism of individual wine yeast strains contributes to and may help improve the sensory properties of the finished product (Borneman et al., 2008; González-Sáiz et al., 2014) . However, much remains to be learned in this regard, particularly in terms of the profile of the organic acids that are produced or metabolised by yeast strains during fermentation. Organic acids play a significant role in the perception of wine quality, since their presence directly impacts on the perceived and total acidity of wines (Cole & Noble, 1997) . Indeed, the most prominent and easily perceived sensory balance in wine is between acidity and sweetness. Complexity arises in this regard, however, as several different organic acids are found in wines, and each of these acids contributes differently to total wine acidity, and each also has specific and unique organoleptic properties (Table 1) .
Tartaric, malic and citric acids are the most notable primary organic acids present in grapes and also contribute the largest proportion of titratable acidity to wine (Shiraishi et al., 2010) . They are also known to contribute, directly or indirectly, to wine colour and stability (Boulton et al., 1996) . In the case of wines with total acidity below desirable levels, acidification is often accomplished by tartaric acid addition, a practice that is commonly applied in warmer climates where grapes are frequently harvested with relatively low acidity levels and high sugar contents (Coulter et al., 2008; Santos et al., 2008) .
In most cases, grape acids are unaffected by alcoholic fermentation, although some reports have indicated that malic acid in particular can be affected by the process. However, yeast releases a number of additional organic acids, resulting in changes in the final taste and an overall acidification of the wine (Volschenk et al., 2006) . The three most prominent acids produced by yeast during fermentation are succinic, acetic and pyruvic acid, while the release of small amounts of fumaric and malic acid has also been reported.
Organic acid consumption and production by yeast during wine fermentation have been linked primarily to central carbon metabolism. Indeed, organic acids are intermediates or by-products of glycolysis or of the TCA cycle, but may also be derived from the glyoxylate pathway and from nitrogen metabolism (Kornberg & Madsen, 1958; Popov et al., 2005) . Under anaerobic conditions, the TCA cycle operates in a branched manner (Camarasa et al. 2003; Tu et al., 2005) . Under these conditions, succinic acid is primarily produced as an end product of the reductive branch of the TCA cycle. Acetic acid is derived primarily from the oxidation of acetaldehyde by acetaldehyde dehydrogenases (Remize et al., 2000) . Pyruvic acid, on the other hand, is produced as a product of glycolysis, in particular when downstream metabolic pathways, such as the production of ethanol from pyruvate, which otherwise would utilise pyruvic acid, are overwhelmed.
Factors that affect the production of some of these organic acids, in particular acetic acid, have been studied extensively (Usseglio-Tomasset, 1995; Bisson, 1999; Bely et al., 2005; Ferreira et al., 2006) . Bely et al. (2005) noted a sharp increase in acetic acid levels in botrytised wines containing high levels of sugar. Similar findings for a high sugar medium were also reported by Ferreira et al. (2006) . Other acids, such as succinic and pyruvic acid, have also been found to be influenced by temperature and pH variations in wine (Usseglio-Tomasset, 1995; Bisson, 1999) . Torija et al. (2003) observed temperature effects on the growth of strains of S. cerevisiae in grape must and noted a significant increase in succinic and acetic acid as the fermentation temperature increased.
In addition, the influence of different yeast species and strains on organic acid production has been considered in a few earlier studies: Several authors have reported on the influence of Saccharomyces, as well as of some nonSaccharomyces yeasts, on selected organic acids present in wine (Charoenchai et al., 1998; Erasmus et al., 2004; Pigeau et al., 2007; Magyar et al., 2014) . However, these studies were focusing on individual factors, such as yeast strain, pH, sugar or temperature, and did not consider the complexity of the combination of different wine yeast genetic backgrounds combined with differences and changes in environmental parameters as well as in the composition of the must. The current study therefore investigated yeast strain-dependent differences in organic acid metabolism within the context of different fermentation conditions and environmental parameters.
The primary objective of this study was to investigate the impact of different commercial yeast strains in wine-like conditions under both anaerobic and aerobic conditions. For this purpose, the investigation compared the organic acid profiles produced by five widely used wine yeast strains, namely EC1118, DV10, VIN13, BM45 and 285, in two different synthetic musts and under different fermentation temperatures. These yeast strains have previously been shown to exhibit different characteristics in terms of fermentation kinetics, stress tolerance as well as the production of volatile aromatic compounds (Rossouw et al., 2008; 2009) . The two fermentation conditions were selected to reflect relatively extreme wine-like conditions; the first condition corresponds to what may be encountered in a cool climate white wine fermentation (150 g/L of sugar, a low pH of 3, and a cold fermentation temperature of 15°C), while the second more closely reflects a warmer climate red wine fermentation (250 g/L of sugar, a pH of 4 and a fermentation temperature of 30°C). The widely divergent and relatively extreme nature of these two conditions should allow for describing the broader organic acid production space of yeast and of strain-related acid variations in the broader fermentation context. 
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MATERIALS AND METHODS
Strains and culture conditions
The commercial yeast strains, as well as some of their relevant characteristics as described by the manufacturers (Lallemand and Anchor), are listed in Table 2 . Yeast cells were cultivated at 30°C in YPD synthetic media (1% yeast extract; Biolab, South Africa), 2% peptone (Fluka, Germany) and 2% dextrose (Sigma, Germany). Solid medium was supplemented with 2% agar (Biolab, South Africa). YPD pre-culture medium was sterilised at 121°C for 15 min, maintained at 4°C and renewed monthly. Yeast cultures were grown in 50 ml shake-flasks on YPD at 30°C and at 250 rpm. These cultures were harvested and washed with sterile distilled water, and the cells were inoculated at an OD 600 of 0.1 (i.e. an initial cell density of approximately 10 6 cfu/ml).
Fermentation medium
Fermentation experiments were conducted in the defined synthetic must MS300, which resembles a natural must -as described previously (Bely et al., 1990) . For the purposes of this study, the medium contained equimolar amounts of glucose and fructose at a total of either 150 or 250 g/L (for the 'cool' and 'warm' climate setting respectively). Temperature and pH were set at 15 and 30°C and 3.0 and 4.0 respectively. The initial pH was adjusted with sodium hydroxide. Two sets of fermentations were carried out in 250 ml Erlenmeyer flasks (containing 100 ml of the medium) under aerobic and anaerobic conditions. Anaerobic fermentations were sealed with rubber stoppers with a CO 2 opening, while under aerobic conditions, constant stirring at 200 rpm was performed during the course of the fermentation. The fermentations were monitored for a period of 14 days. All batch fermentations were carried out in triplicate. The fermentation progress was monitored by daily weight loss measurements, and samples from the fermentation media were taken at days 2 (exponential phase), 5 (early stationary phase) and 14 (late stationary phase) for chemical analyses.
Growth measurement
Cell propagation (i.e. growth) was determined spectrophotometrically by measuring the optical density, at 600 nm, of samples taken from re-suspended cell cultures during the fermentation period.
Chemical analysis
A capillary electrophoresis (CE) method adapted from Soga and Ross (1997) was used to analyse and quantify the organic acid contents in synthetic must (MS300). Culture supernatants were obtained and analysed for sugars, ethanol and glycerol by high performance liquid chromatography (HPLC) on an AMINEX HPX-87H ion exchange column at 55°C using 5 mM H 2 SO 4 as the mobile phase at a flow rate of 0.5 ml.min -1 . Agilent RID and UV detectors were used for detection and quantification. Analyses were carried out using the HP Chemstation software package (Eyeghe-Bickong et al., 2012) .
Multivariate data analysis
The trends within various sets of data were investigated by principal component analysis (PCA; Latentix 2.0, Brandon Gray Internet Services, Inc.). The PCA data was transformed using the auto-scale function and the PCA models were calculated. Based on the experimental design, the samples represent the different fermentations (three independent replicates for each of the five strains) at different time points. The trends and variables considered are the result of changes in organic acid contents in the MS00 by wine yeast strains subjected to different environmental conditions (pH, temperature, initial sugar levels and aeration).
RESULTS AND DISCUSSION
Fermentation kinetics of strains subjected to warm climate "red" wine and cool climate "white" wine fermentation conditions Under all conditions, yeast growth and fermentation kinetics of the five strains followed similar trends, with some minor differences in the absolute values of certain parameters between strains. Fig. 1 shows similar rates of weight loss between anaerobic and aerobic red wine-like conditions. Under both conditions, the yeast reached stationary phase at roughly the same time, although a slight increase in optical density (hence total biomass) was observed under aerobic conditions. Similar patterns were also observed under white wine-like conditions (data not shown). This is not surprising; although S. cerevisiae is one of the few yeast species that grows well under anaerobic conditions, oxygen availability (particularly in the early stages of fermentation) supports mixed respiro-fermentative metabolism, leading to increased biomass production (Rigoulet et al., 2004) .
Ethanol production, as well as total glucose and fructose utilisation of the five strains, was further analysed (Table 3) . In all likelihood the high initial sugar content (250 g/L) of the "red wine" setting and the low temperature and pH of the "white wine" setting were responsible for fermentations with residual sugars above 5 g/L in some cases. Overall, VIN13 fermentations presented the lowest levels of residual sugars, while inoculation with BM45 generally resulted in the highest amounts under both red and white conditions ( Table 3) . As is usually observed with S. cerevisiae, fructose was the major contributing hexose to residual sugar levels, but conditions clearly affected the ratio between glucose and fructose. However, no general trends could be observed regarding strains and/or environmental conditions with regard to this parameter.
The influence of yeast strain on grape-derived acids
Organic acid analysis was carried out at three different time points for the "red" and "white" wine fermentations inoculated with the five different wine yeast strains. Concentrations of, and changes to, the major grape-derived acids, such as tartaric, malic and citric acid, were evaluated: In general, a slight decrease in the overall concentration of the grape acids was observed (Fig 2A and B) . The concentration of all three grape acids diminished by approximately 10 to 20% of the initial amounts under both aerobic and anaerobic conditions. While there were no significant differences in grapederived acids between most of the strains under anaerobic conditions, DV10 fermentations resulted in significantly reduced levels of all three acids at the end of fermentation ( Fig. 2A) . Although precipitation is a main cause of tartaric acid reduction in some young bottled wines, we did not observe any precipitate in any of the wines based on visual inspection. There also was no evidence that yeast strains of Saccharomyces can effectively transport or degrade tartaric acid, but it is possible that other, unknown bio-chemical transformations occurred in the DV10 fermentations to account for the lower overall grape-derived acid levels observed for this strain at the end of fermentation.
The impact of yeast strain on organic acid evolution under different winemaking conditions
In the light of the importance of end-point organic acid profiles, PCA analysis was performed using organic acid concentrations in the red and white wine conditions at the end of fermentation (Fig. 3) . Only PCA plots generated for the anaerobic conditions are shown here, as this scenario is more relevant from a winemaking perspective and the aerobic PCAs did not contribute additional insights on strain-specific behaviour.
Replicates clustered well, indicative of good sample reproducibility. Samples were also clearly separated in strain-specific clusters, with some strains, such as EC1118 and VIN13, exhibiting similar organic acid profiles at the end of fermentation in the white wine-like conditions (Fig. 3A) , while VIN13 and 285 were most similar in terms of their total organic acid profiles under the red wine-like conditions (Fig. 3B) . BM45 was the most dissimilar to the other four strains in the fermentations in both the red and white wine settings.
Succinic acid
Succinic acid increased throughout fermentation for all strains and all environmental conditions, but significant differences were observed between strains in terms of the actual concentrations of succinic acid produced. As an example, Fig. 4 shows succinic acid concentrations at days 2, 5 and 14 for strain EC1118 in both the white (Fig.  4A) and red (Fig. 4B ) wine settings. Similar succinic acid accumulation trends were also observed for other strains under similar conditions (data not shown). The increase in succinic acid levels during fermentation has been reported previously (Peynaud & Blouin, 1996; Ribéreau-Gayon et al., 2006) ; however, there is little information on how different strains of yeast influence succinic acid accumulation in wine.
Strain genetic background showed a strong effect on succinic acid production: Under anaerobic red wine conditions, VIN13 produced higher succinic acid levels (followed by 285), while DV10 produced relatively lower succinic acid levels than the rest by the end of fermentation (Fig. 5A) . Similar trends were also observed for these two strains in the white wine anaerobic setting (Fig. 5A ) at this and other time points of fermentation (days 2 and 5; Table 4A and 4B). It is known that DV10 is more tolerant of low pH wines, and it is a preferred yeast for Champagne base wine. The ability of DV10 to reduce overall acidity therefore might be a specific adaptation for such conditions. The two other strains, BM45 and EC1118, showed intermediate levels of this acid (Fig. 5A) .
FIGURE 1
Fermentation kinetics of wine yeast under "red wine" settings. Anaerobic fermentation rates (frame A), aerobic fermentation rates (frame B), anaerobic growth rates (frame C) and aerobic growth rates (frame D). Results are the average of three biological repeats ± standard deviation. FIGURE 2 Grape-derived acid production by different yeast strains under the "red wine" setting at the end of fermentation under anaerobic (frame A) and aerobic (frame B) conditions. Results are the average of three biological repeats ± standard deviation.
FIGURE 3 PCA bi-plot showing sample groupings for triplicate fermentations of strains DV10, BM45, VIN13, 285 and EC1118 at day 14 of fermentation. Fermentations were carried out under anaerobic white wine-like conditions (150 g/L, pH 3 and 15°C; frame A) and red wine-like conditions (250 g/L, pH 4 and 30°C; frame B).
Succinic acid levels were significantly higher under aerobic conditions for all strains under both fermentation conditions (Fig. 4) . This observation is in line with expectations, since it has been reported that organic acid levels in wine will generally be significantly augmented under aerobic conditions compared to anaerobic conditions (Wiebel et al., 2008 ). An increase in succinic acid concentrations has previously been linked to the shift in central carbon metabolism of yeast from fermentative to respiratory (Larsson et al., 1993; Coulter et al., 2004; Aceituno et al., 2012) . Under aerobic conditions, VIN13 remained the highest producer of succinic acid under both the white and red wine conditions (Fig. 5B) , while strain 285 was the lowest producer under these conditions. The levels of succinic acid produced by the other three strains for both fermentation settings under aerobic conditions were more or less similar at the end of fermentation (Fig. 5B) .
It has previously been shown that increasing the addition of succinic acid by 0.1 g/L in wines presents a detectable sensory impact to assessors (Baron & Fiala, 2012 ). In the current study, succinic acid variations among strains was significantly higher than the 0.1 g/L increments used by Baron and Fiala (2012) under both the red and white wine settings (Fig 5A and 5B) . As a result, the strain-dependent differences observed here are likely to affect the sensory properties of wines in a notable manner.
Acetic acid
All strains behaved similarly with regard to acetic acid production over the time points considered. Fig. 6 shows a representative dataset for one of the strains, namely EC1118. Acetic acid levels in all fermentations increased rapidly at the beginning of fermentation. At the later time points, aerobic and anaerobic fermentations showed divergent patterns:
Under aerobic conditions, a continuous decrease was observed throughout fermentation in the case of the white wine setting (150 g/L, pH 3, 15°C), whereas a continuous increase in acetic acid was noted in the red wine setting (250 g/L, pH 4, 30°C) (Fig. 6B) . In contrast, the levels of this acid remained more or less the same across all time points in both white and red anaerobic conditions (Fig. 6 ).
Strain genetic background had a strong effect on acetic acid production: Under anaerobic red wine conditions, strain 285 produced relatively higher acetic acid levels (up to 0.4 g/L) compared to other strains such as DV10 (as low as 0.136 g/L; Fig. 7B ). Similar strain behaviour was also observed in the exponential phase (day 2; DV10 -0.181 g/L and 285 -0.460 g/L) and the early stationary phase (day 5; DV10 -0.148 g/L and 285 -0.243 g/L), highlighting the strong impact of the selection of yeast strains on acetic acid production throughout fermentation (Table 4A and 4B). Acetic acid at high concentrations is undesirable because of the volatile nature and vinegary character of this organic acid (Remize et al., 2000) . On the other hand, fermentations carried out in the white wine setting (under anaerobic conditions) showed no significant variations in acetic acid levels among strains, with the exception of strain DV10, which produced extremely low levels of acetic acid (Fig. 7A) .
The impact of several yeast strains (N96, 71B, EC1118, V1116, VIN13 and VIN7) on acetic acid production in ice wines was previously explored through sensory evaluations (Erasmus et al., 2004) . Variations in acetic acid concentration of between 0.1 and 0.8 g/L were detected by the panel of evaluators. The differences in acetic acid levels between 285 (0.5 g/L) and DV10 (0.15 g/L) under anaerobic "red wine" fermentations will thus likely impart a significant sensorial impact on the wines produced.
Under aerobic conditions, acetic acid concentrations at FIGURE 4 Succinic acid production by EC1118 at different fermentation stages (days 2, 5 and 14) under anaerobic and aerobic conditions. The graph shows succinic acid concentrations at three time points under white wine (A) and red wine (B) fermentation settings.
Results are the average of three biological repeats ± standard deviation.
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the end of fermentation were the highest (up to 0.49 g/L) in fermentations carried out with EC1118 in the red wine setting. For this treatment, the other four strains (including DV10) produced similar levels of acetic acid (Fig. 7B) . The same trends were observed at days 2 and 5 (Table 4C and D).
In the white wine aerobic setting, BM45 produced the lowest levels of acetic acid. Our data supports the findings of previous work, which has shown remarkable variations in acetic acid levels among 20 Saccharomyces cerevisiae strains tested in wine (Romano et al., 2003) . Our data, however, also highlights the important point that, while certain strains could generally be described as lower acetic acid producers, this phenotype can be modulated by the prevailing fermentation conditions.
Pyruvic acid
With regard to pyruvic acid production across time points (days 2, 5 and 14), most strains behaved similarly in terms of overall production trends for this acid. Fig. 8 shows a representative dataset for strain EC1118. Pyruvic acid was produced early during fermentation and then slowly re-absorbed/utilised in the white wine anaerobic
TABLE 4
The production of organic acid by five commercial wine yeasts and their response to white and red wine-like anaerobic and aerobic fermentation conditions at day 2 and 5 of fermentation. Values are means of three repeats ± standard deviation. ND -not detectable below 0.039 g/L FIGURE 5 Succinic acid concentrations at the end of fermentation for five yeast strains in white wine and red wine fermentation settings under anaerobic (A) and aerobic fermentation conditions (B). Results are the average of three biological repeats ± standard deviation.
FIGURE 6 Acetic acid concentrations produced by EC1118 at different physiological and fermentation stages (day 2, 5 and 14) under anaerobic and aerobic conditions. The graph shows acetic acid variations over time under white wine (A) and red wine (B) fermentation conditions. Results are the average of three biological repeats ± standard deviation.
fermentations (Fig. 8A ). Similar observations have been reported elsewhere under winemaking conditions (Ribéreau et al., 2006) . However the opposite trend was observed in the red wine anaerobic fermentation setting: Here, pyruvic acid levels initially were lower in the exponential phase but increased throughout fermentation (Fig. 8B) . Under aerobic conditions the trends were very different: In the white wine setting, pyruvic acid levels initially were low for the exponential phase measurements, then increased towards the early stationary phase, before decreasing again (possibly due to reabsorption) by the late stationary phase (Fig. 8B ).
However, in the red wine aerobic setting, pyruvic acid was produced early during fermentation and slowly reabsorbed as fermentation proceeded. The impact of yeast strain identity on pyruvic acid production was evident under aerobic conditions at all the time points considered: On day 2 (the exponential phase), strains BM45 (0.339 g/L) and VIN13 (0.373 g/L) produced consistently low pyruvic acid levels in red wine settings compared to the other three strains (Table 4D) . EC1118, 285 and DV10 produced the highest concentrations (0.604, 0.739 and 0.565 g/L respectively) in these, as well as in the white wine fermentations (0.583, 0.462 and 0.590 g/L) at this time point (Table 4C) . While there were no significant differences among strains at day 5 in the 'red' wine fermentations, the VIN13 (1.249 g/L) and 285 (1.169 g/L) fermentations showed higher concentrations of pyruvic acid for the 'white'
FIGURE 7
Acetic acid levels at the end of fermentation for five different yeast strains in white wine (A) and red wine (B) fermentation settings. Both aerobic and anaerobic conditions were analysed. Results are the average of three biological repeats ± standard deviation.
FIGURE 8 Pyruvic acid concentrations of EC1118-inoculated fermentations at different fermentation stages (day 2, 5 and 14) under anaerobic and aerobic conditions. The graph shows pyruvic acid variations over time in simulated white wine (150 g/L, pH 3, 15°C) and red wine (250 g/L, pH 4, 30°C) fermentation conditions. Results are the average of three biological repeats ± standard deviation.
wine setting at this time point (Table 4D) . Under aerobic conditions, strain VIN13 produced higher pyruvic acid levels (up to 0.7 g/L) by the end of fermentation, while strains DV10, BM45 and 285 produced the lowest levels in white wine conditions (Fig. 9A) . These trends
FIGURE 9
Pyruvic acid levels at the end of fermentation for five yeast strains in white wine (A) and red wine (B) fermentation setting conditions. Both aerobic and anaerobic fermentation conditions were analysed. Results are the average of three biological repeats ± standard deviation.
are very different from those of the red wine conditions, where VIN13 was one of the lower pyruvic acid producers compared to all the other strains (Fig. 9B) . A completely different pattern was observed when the yeast strains were subjected to anaerobic fermentation conditions (Table 4 ). Fermentations at the exponential phase in the white wine conditions showed the highest pyruvic acid production/release by EC1118 (0.543 g/L), while for strain 285 the levels of pyruvic acid were below the detection threshold (Table 4A) . At this stage there were no significant strain-dependent differences in the red wine setting. However, by the early stationary phase there were significant differences in the red wine conditions, as fermentations conducted by EC1118, VIN13 and 285 showed significantly higher pyruvic acid concentrations (0.339, 0.368 and 0.453 g/L, respectively) compared to the others (Fig. 9B) . In contrast, pyruvic acid levels in the white wine fermentation were extremely low for all five strains (Table 4B) .
By the end of anaerobic fermentation, the DV10 treatment showed relatively low pyruvic acid levels in both the white and red wine settings, while strain 285 resulted in undetectable levels of pyruvic acid in the white wine setting only (Fig. 9A) . This highlights the impact of fermentation conditions in terms of changing (exacerbating, eliminating or completely reversing) inter-strain trends in organic acid production. Large variations in pyruvic acid production in wine (especially under anaerobic conditions) have been reported previously, and the predicted range of this acid falls within a wide range of 10 to 500 mg/L (Usseglio-Tomasset, 1995). The factors responsible for these large variations in pyruvic acid production have not received much scientific attention. Our data suggests a strong influence of (i) strain variability, (ii) stage of fermentation and (iii) fermentation conditions. Although the sensorial influences of pyruvic acid in wine have not been given much attention, our study reports large variations in pyruvic acid levels for the strains tested -an outcome that is likely to affect the sourness of the wines produced, as suggested by Usseglio-Tomasset, 1995.
CONCLUSIONS
While the overall impact of fermentation on total acidity is a relatively well-established parameter and is commonly monitored, not much data has been published on the impact of individual wine yeast strains on the specific concentrations of the different organic acids present in wine. This study explored inter-strain differences between five commercially available wine yeast strains in terms of acid production/release at different physiological stages of growth (different time points throughout fermentation) and under two very different, yet possible, winemaking conditions that could be encountered in industry. The strains displayed minor differences in their fermentation kinetics, but in many cases significant differences in organic acid production were observed. Only extracellular organic acids were measured (obtained from the fermentation medium). It should be noted that these acids may not necessarily represent the in vivo metabolic production of acids. Indeed, the yeast-derived organic acids are primarily intermediates of central metabolic pathways, and most are involved in several different metabolic reactions and may be produced from different precursors.
While many other known and unknown factors (apart from yeast and environmental factors) may significantly affect the organic acid levels of wines, the particular focus of the current study was the influence of strain identity on organic acid production. Our data highlight the fact that organic acid production characteristics of strains are not embedded phenotypes (i.e. consistent irrespective of conditions).
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Clearly, the acid evolution of a given strain, while displaying certain trends, is conditioned by the interplay of various physicochemical parameters. Differences between strains in our study were moderated, or strongly influenced, by changes to the prevailing fermentation conditions, including changes to the pH, fermentation temperature, initial sugar concentration and aeration.
However, specific strain-dependent trends were evident in some instances: For example, VIN13 appeared to be a higher producer of succinic acid under the different conditions, while DV10 was a consistent low producer of succinic acid (irrespective of aerobic, anaerobic, 'red' or 'white' wine conditions). Strains BM45 and EC1118 were generally intermediate succinic acid producers under all conditions evaluated. Apart from lower production by DV10, acetic acid concentrations did not appear to vary significantly between fermentations conducted with the remaining four strains under anaerobic conditions. For aerobic conditions, EC1118 was the highest acetic acid producer under both the red and white wine conditions. Pyruvic acid concentrations were the most variable, and no pattern was evident in terms of a particular strain displaying generally lower or higher production levels across treatments. These variations in organic acid profiles among strains may well be explained by differences in their genetic background (e.g. differences in the expression, regulation and activity of enzymes involved in glycolysis, or the reductive and oxidative branches of the TCA cycle).
Overall, this study provides novel information that could be incorporated into practical guidelines for winemakers seeking to manage wine organic acid profiles through appropriate strain selection. Our results identify strains with different levels of production of specific organic acids for both the white and red wine fermentation settings. The current study will therefore assist winemakers to make informed decisions relating to strains that will improve the management of acidity and the organoleptic properties of their wines.
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